IntroDuctIon
Neural stem cells are characterized by their abilities to self-renew and to generate the different cell types found in the central nervous system. Isolation and in vitro analyses of NSCs have proved to be an important method for deciphering the cellular and molecular mechanisms underlying neurogenesis, and for optimizing stem cellbased treatment of neurological disorders and injuries 1 . In the adult mammalian brain, NSCs exist mainly in two neurogenic regions: the subgranular zone of the DG of the hippocampus, which generates excitatory glutamatergic granule neurons in the DG, and the SVZ of the lateral ventricles, which produces inhibitory GABAergic and dopaminergic interneurons of the olfactory bulb 2 . In addition to their destinies to become different types of neurons, NSCs in these two regions also respond differently to neurotrophic factors and physiological or pathological conditions; however, the molecular mechanisms governing the different properties of NSCs and neurogenesis in the SVZ and the DG remain largely unknown. It is therefore of interest to determine the intrinsic molecular signature of NSCs in these two regions, ideally in the same adult animals.
Over the past 20 years, multiple research groups have developed methodologies for isolating NSCs or progenitors from adult mouse brains. The first successful adult NSC cultures were neurospheres isolated from the SVZ and maintained under nonadherent conditions 3, 4 . Later, some laboratories showed that SVZ NSCs can also be maintained in adherent monolayer culture 5, 6 . However, spontaneous differentiation has been seen in mouse NSCs maintained as monolayer cells (X. Li, W.G. and X.Z.; unpublished observation). Thus, although both neurosphere and adherent culture systems have pros and cons 7 , neurospheres, which provide a three-dimensional environment, may be better for maintenance of NSCs 8 . Therefore, neurosphere culture remains the most popular and reliable method for isolating and maintaining adult NSCs. Notably, until the current protocol was devised 9 , adult SVZ NSCs have been isolated from pooled tissues of at least two, and frequently four to six, adult mice.
Although a number of publications have demonstrated successful isolation of NSCs from the SVZ 3-6 , isolation of NSCs from the adult DG has been a challenge, largely because of the fact that the adult DG has markedly fewer NSCs than the SVZ. Early studies of adult hippocampal neurogenesis used progenitor cells isolated from whole adult forebrain or whole hippocampus of pooled tissues from five to six mice 10 . However, two groups isolated neurospheres from whole hippocampal tissue, but showed that these spheres do not show self-renewal ability 11, 12 . A breakthrough was made by Babu et al. 13 , who demonstrated that multipotent NSCs can be isolated from the DG. They microdissected the DG tissues from six adult mice and isolated NSCs using Percoll-based separation.
In adult mammals, the subventricular zone (sVZ) of the lateral ventricles and the subgranular zone of the dentate gyrus (DG) show ongoing neurogenesis, and multipotent neural stem or progenitor cells (nscs) in these two regions exhibit different intrinsic properties. However, investigation of the mechanisms underlying such differences has been limited by a lack of efficient methods for isolating nscs, particularly from the adult DG. Here we describe a protocol that enables us to isolate self-renewing and multipotent nscs from the sVZ and the DG of the same adult mouse. the protocol involves the microdissection of the sVZ and DG from one adult mouse brain, isolation of nscs from specific regions and cultivation of nscs in vitro. the entire procedure takes 2-3 h. as only one mouse is needed for each cell isolation procedure, this protocol will be particularly useful for studies with limited availability of mice, such as mice that contain multiple genetic modifications. Collect The isolated DG NSCs could maintain their self-renewal and multipotency in monolayer culture. Nevertheless, the need for six mice for each cell isolation posed a practical hurdle in studies with limited availability of animals. As direct comparisons between littermates are necessary, for studies involving double and even triple transgenic animals, large numbers of mice had to be bred to complete just one cell preparation. Therefore, a much more efficient method was required for isolating NSCs from the adult DG. We developed such a method 9 that, in addition, has the advantage that NSCs can be isolated both from the SVZ and the DG of the same animal.
This protocol for isolating DG and SVZ NSCs as neurospheres (Fig. 1) is based on that used in the study by Babu et al. 13 and further optimized in our subsequent papers 9, [14] [15] [16] . Whereas Babu et al. 13 used pooled tissues from six adult mice, our protocol requires tissues from only one mouse. In addition, our protocol allows for the isolation of multipotent NSCs from the DG and the SVZ of the same mouse. Although two earlier studies have presented isolation of neurospheres from both the SVZ and the DG tissue at the same time by pooling two to four animals, with their methods only the SVZ neurospheres showed self-renewal ability 11, 12 . As demonstrated in our publications 9,14-16 and described below, our method represents two breakthroughs: first, we only need a single adult mouse for each cell isolation, and second we can reliably isolate multipotent NSCs from the SVZ and the DG of the same adult mouse. 
MaterIals
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Initial proliferation medium (IPM)
To 96 ml of Neurobasal medium, add 2 ml of B27, 1 ml of GlutaMAX, 1 ml of Anti-Anti, 20 ng ml − 1 of FGF-2 and 20 ng ml − 1 EGF. Store the medium at 4 °C for up to 2 weeks. N2 medium To 500 ml of DMEM/F-12 medium, add 5 ml of N2, 5 ml of l-glutamine and 5 ml of Anti-Anti. Before passaging NSCs, add FGF-2 and EGF to N2 medium to yield a 20 ng ml − 1 working medium. Store the medium at 4 °C for up to 1 month. Diluted -mercaptoethanol Add 34.7 µl of β-mercaptoethanol into 10 ml of sterile H 2 O. Make a fresh dilution for each cell isolation. Enzyme mix 1 For each isolation, mix 2 ml of 'MACS Solution 2' and 50 µl of 'MACS Solution 1' from the MACS neural tissue dissociation kit with 2.5 µl of diluted β-mercaptoethanol. Double this amount for isolations from two mice. We deeply anesthetize mice with an intraperitoneal injection of either 230 mg kg − 1 sodium pentobarbital or 400 mg kg − 1 Avertin, followed by euthanasia through decapitation.
2| By using large scissors, cut off the head just above the cervical spinal cord region. Next, by using small pointed scissors, make a medial caudal-rostral cut and remove the skin of the head.
3| By using small scissors, make a longitudinal incision at the base of the skull and continue cutting along the sagittal suture. Next, use pointed forceps to grasp the skull of one hemisphere at the bottom of the incision and peel it outward to expose the brain. Repeat with the other hemisphere.
4|
Turn the head of the animal upside down and, while cutting the optic nerves, allow the brain to slip into a 50-ml Falcon tube containing 20 ml of cold HBSS.  crItIcal step Keep the brain in cold solution A on ice during subsequent dissection.
5|
Transfer the brain from the 50-ml tube to a 10-cm Petri dish containing 20 ml of cold solution A. Place a small piece of filter paper onto the McIlwain tissue chopper, slightly wet the filter paper using a wet sterile swab and then set the brain onto the wet filter paper using curved pointed forceps (Fig. 2a) . Chop the brain into 400-µm coronal sections using the tissue chopper and use wet sterile swabs to collect the sections containing SVZ (~6 sections) and hippocampus (~5 sections) into a 6-cm Petri dish filled with 5 ml of solution A (Fig. 2b) . (Fig. 4) . 
17|
Carefully remove the medium and add 1 ml of 0.025% (wt/vol) trypsin-EDTA to each tube. Dissociate the spheres using a prewet 1-ml blue tip by pipetting up and down 20 times to digest the spheres within 2 min. Add 1 ml of trypsin inhibitor to each tube to inactivate trypsin, and then pipette up and down 10 more times. Add 5 ml of IPM to each tube, mix by inverting the tubes a few times, and pellet the cells at 200g for 5 min at room temperature.
18|
Resuspend the DG cell pellet in 1 ml of IPM and the SVZ cell pellet in 2 ml of N2 medium. Dilute a 10-µl aliquot from each sample in 10 µl of 0.5% (wt/vol) trypan blue and count viable cells using a hemocytometer. Adjust the cell density until cells are countable on a hemocytometer.
19|
Plate the DG cells into one well of a 24-well plate and the SVZ cells into one well of a six-well plate and incubate the cells.
20|
Replace half the medium with fresh IPM for the DG cells and fresh N2 medium for the SVZ cells every other day for 1 week. Avoid taking any cells out when changing half the medium. After the first passage, maintain the DG and the SVZ NSCs in N2 medium and passage NSCs by seeding at 3 × 10 4 to 1 × 10 5 cells per ml every 2-3 d. In our laboratory, we have passaged NSCs derived from both the DG and the SVZ for extended periods (>20 passages). However, to avoid potential effects of prolonged in vitro culture, we use early-passage (<p10) cells for NSC proliferation and differentiation analysis 9,14-16 .
21| If desired, differentiate proliferating NSCs down to neuronal and glial lineages to determine their multipotency (option A), or cyopreserve them for future analysis (option B). (a) Differentiation of neural progenitor cells • tIMInG 6 d
(i) Add poly-l-ornithine solution to the plates on which you plan to differentiate the cells 2 d before starting differentiation, and then rock and shake the plates to ensure that the entire surface is covered by liquid. Incubate the plates overnight at room temperature.  crItIcal step From this point on, the plates/slides must not be allowed to dry out. (ii) Remove the majority of the poly-l-ornithine solution from the plates and wash the plates three times with sterile Milli-Q H 2 O.
? trouBlesHootInG (iii) Add laminin solution to the plates and incubate the plates overnight in a 37 °C tissue culture incubator.
? trouBlesHootInG (iv) Collect NSCs from Step 20 in a 15-ml tube and spin down at 200g for 5 min at room temperature. (v) Carefully remove the medium and add 1 ml of 0.025% (wt/vol) trypsin-EDTA. Dissociate the neurospheres using a prewet 1-ml tip by pipetting up and down about 20 times within 1 min to digest the spheres. Add 1 ml of trypsin inhibitor to inactivate the trypsin and pipette up and down 10 more times. Add 5 ml of N2 medium, mix by inverting the tubes a few times and pellet the cells at 200g for 5 min at room temperature. (vi) Resuspend the cell pellet in 1 ml of N2 medium. Count viable cells by trypan blue exclusion and seed the cells in the coated plates at a cell density of 1 × 10 5 cells per ml. Incubate the plates overnight in a 37 °C tissue culture incubator. (vii) Replace half the N2 medium with differentiation medium. Continue to incubate the cells, replacing the medium every day for 4 d. Differentiated cells can then be collected by either direct cell lysis for molecular biochemical analysis or by fixation using 4% (wt/vol) paraformaldehyde for histological analysis using cell lineage-specific antibodies as published 9, [14] [15] [16] . (B) cryopreservation and thawing of neurospheres • tIMInG 20 and 15 min, respectively (i) Cryopreserving neurospheres. Collect the spheres in a 15-ml tube from a 10-cm dish and spin them down at 200g for 5 min at room temperature. (ii) Carefully remove the medium. Resuspend the pellet in 2 ml of freezing medium using a 1-ml pipette to gently disaggregate the pellet, and then add 1 ml to a 2-ml cryovial. (iii) Transfer the vial into a − 80 °C freezer overnight and then transfer it into a liquid nitrogen tank for long-term storage.
 pause poInt Cells can be stored in liquid nitrogen for more than 1 year. (iv) Thawing of neurospheres. Carefully take the frozen vial from a liquid nitrogen tank and put it into a 37 °C water bath with gentle shaking until the vial is completely thawed.
? trouBlesHootInG (v) Add the thawed cells into a 15-ml tube with prewarmed N2 medium and spin down at 200g for 5 min at room temperature. (vi) Carefully remove the medium. Resuspend the pellet with 10 ml of prewarmed N2 medium containing FGF-2 and EGF, and then seed the cells in a 10-cm dish. Incubate the cells in a 37 °C tissue culture incubator and continue to passage as described in
Step 20.
? trouBlesHootInG Troubleshooting advice can be found in table 1.
• tIMInG Steps 1-6, dissection of the SVZ and the DG: 40-60 min Steps 7-14, isolation of NSCs: 1-2 h
Step 15, culturing NSCs: 7-14 d
Steps 16-20, passaging and maintenance of NSCs: as needed for experiments, 7 d to 2 months
Step 21A, differentiation of NSCs: 6 d
Step 21B, cryopreservation and thawing of neurospheres: 20 and 15 min, respectively antIcIpateD results This protocol is optimized for the isolation of self-renewing and multipotent NSCs from two adult neurogenic regions, the SVZ and the DG, of a single adult mouse. If the protocol is carried out properly, the SVZ neurospheres should appear in about 1 week and the DG neurospheres in about 2 weeks after isolation. On the basis of our experience, if no sphere appears at the expected time, then the isolation may have failed, and a longer culture time will not help. Please refer to TROUBLESHOOTING for methods of improvement. Figure 4 shows images of typical SVZ neurospheres (498 ± 15.2 µm diameter) at 7 d after initial plating and DG neurospheres (202 ± 10.7 µm) at 14 d after initial plating. SVZ neurospheres are normally bigger and also need to be passaged sooner than DG neurospheres. The NSCs isolated from both regions are positive for several well-characterized NSC markers, such as nestin and Sox2, and can proliferate, as demonstrated using a BrdU incorporation assay (supplementary Fig. 1a-d) . Quantitative analyses published from our laboratory have shown that 99.8% of DG and SVZ NSCs isolated using this protocol are nestin positive, 88.2% are Sox2 positive and all Sox2-positive cells are nestin positive 9 . In addition, we found that during 16 h of BrdU pulse labeling, 61.6% of SVZ NSCs and 48.5% of DG NSCs incorporate BrdU 9 .
NSCs isolated from both regions are multipotent and can differentiate into both neurons and glia under differentiation conditions (i.e., growth factor withdrawal and the addition of RA and/or FSK). As shown in the examples for DG (supplementary Fig. 1e-f) , the lineages of differentiated cells were identified using immunocytochemistry, with neurons detected by a mouse antibody to Tuj1 and astrocytes by a rabbit antibody to glial fibrillary acidic protein (GFAP). Quantitative analyses published from our laboratory have shown that, in a typical differentiation experiment, SVZ NSCs yield 10.5% Tuj1-positive neurons and 12.0% GFAP-positive astrocytes, whereas DG NSCs yielded 12.0% Tuj1-positive neurons and 19.0% GFAP-positive astrocytes 9 . Although the percentage of neuronal and astrocyte differentiation is limited, it has proven to be a faithful model for studying molecular mechanisms regulating neurogenesis in the adult brain, as shown in our publications 9, [14] [15] [16] .
If maintained as suggested, NSCs derived from both the DG and the SVZ can be passaged for extended periods ( >20 passages) without a loss of NSC characteristics; however, extended passaging will modify the properties of isolated cells by, for example, increasing chromosome aberration and reducing the capacity to differentiate into neurons. Although EGF and FGF-2 have been used for long-term culture of NSCs without changing the self-renewal and multipotent properties of NSCs, a recent study shows that treatment of NSCs with EGF and FGF-2 leads to alterations in cell cycle length and mode of cell division 18 . Slow division is an important hallmark of NSCs in vivo. NSCs in the adult DG are found to re-enter the cell cycle after 2-3 weeks of first cell division, although immediate progenitors are fast-dividing cells 19 . The culture of NSCs as neurospheres with EGF and FGF-2 accelerates cell division, but comes at the cost of the above-mentioned alteration of NSC biology in vivo. Even though nearly all isolated NSCs express nestin, these isolated cells are probably a mixture of different types of fast-dividing progenitors, with very few, if any, slow-dividing NSCs. Furthermore, many types of immediate progenitors exist in the DG, and isolated cells are a mixture of different subtypes; one should be cautious when using these cells for NSC analysis at the single-cell level.
As this protocol is simple and reproducible, we expect that many laboratories will be able to easily adapt it. Because it uses only one adult mouse for each cell preparation, it substantially reduces the number of animals needed per assay and is therefore extremely useful to neuroscientists using complex transgenic lines. Adult NSCs isolated using this method can be used for self-renewal analysis starting at passage 0 and cell fate analysis starting at passage 1. They can also be expanded for gene expression and biochemical analyses. One of the most notable applications of this protocol is the ability to make a direct comparison between DG and SVZ NSCs, which should help in understanding the differential regulation of DG and SVZ neurogenesis in the same animals, a largely unexplored research area. We anticipate that our easy-to-adapt protocol will promote this type of study and move this important field forward.
